Barrett's esophagus (BE) is a metaplastic condition caused by chronic gastroesophageal reflux which represents an early step in the development of esophageal adenocarcinoma (EAC). Singlenucleotide polymorphism microarray (SNP-chip) analysis is a novel, precise, high-throughput approach to examine genomic alterations in neoplasia. Using 250K SNP-chips, we examined the neoplastic progression of BE to EAC, studying 11 matched sample sets: 6 sets of normal esophagus (NE), BE and EAC, 4 of NE and BE and 1 of NE and EAC. Six (60%) of 10 total BE samples and 4 (57%) of 7 total EAC samples exhibited 1 or more genomic abnormalities comprising deletions, duplications, amplifications and copy-number-neutral loss of heterozygosity (CNN-LOH). Several shared abnormalities were identified, including chromosome 9p CNN-LOH [2 BE samples (20%)], deletion of CDKN2A [4 BE samples (40%)] and amplification of 17q12-21.2 involving the ERBB2, RARA and TOP2A genes [3.1 Mb, 2 EAC (29%)]. Interestingly, 1 BE sample contained a homozygous deletion spanning 9p22.3-p22.2 (1.2 Mb): this region harbors only 1 known gene, basonuclin 2 (BNC2). Real-time PCR analysis confirmed the deletion of this gene and decreased the expression of BNC2 mRNA in the BE sample. Furthermore, transfection and stable expression of BNC2 caused growth arrest of OE33 EAC cells, suggesting that BNC2 functions as a tumor suppressor gene in the esophagus and that deletion of this gene occurs during the development of EAC. Thus, this SNP-chip analysis has identified several early cytogenetic events and novel candidate cancer-related genes that are potentially involved in the evolution of BE to EAC. ' 2009 UICC
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Key words: esophageal adenocarcinoma; SNP-chip; copy-numberneutral LOH; BNC2 Chronic gastroesophageal reflux disease (GERD) is characterized by the retrograde movement of gastric contents into the esophagus, resulting in tissue damage. GERD is the major risk factor for the development of Barrett's esophagus (BE). 1 BE is a premalignant condition, greatly increasing the risk of developing esophageal adenocarcinoma (EAC). 2, 3 Genomic DNA alterations often contribute to the development of malignant tumors. In BE and EAC, chromosomal aberrations have been discovered by comparative genomic hybridization (CGH) analysis. [4] [5] [6] [7] [8] [9] [10] [11] CGH analyses have revealed frequent gains of chromosomes 6p (10-37%), 7q (17-37%), 7p (30-60%), 8q (50-80%), 10q (20-50%), 15q (10-40%), 17q (30-50%) and 20q (50-80%); and frequent losses of chromosomes 4q (20-50%), 5q (20-50%), 9p (20-50%), 14q (30-40%), 16q (36-40%), 17p (30%), 18q (20-60%) and Y (60-76%). [4] [5] [6] [7] [8] [9] [10] [11] These chromosomal alterations have suggested genes associated with esophageal adenocarcinogenesis. For example, the proto-oncogenes MYC (8q), EGFR (7p) and ERBB2 (17q) are often duplicated. The tumor suppressor genes APC, CDKN2A, TP53 and SMAD4 are located on 5q, 9p, 17p and 18q, respectively, and these chromosomal regions are often deleted. Thus, genome-wide analyses of DNA copy-number changes in BE and EAC can identify consensus regions of chromosomal gain and loss, as well as candidate cancer-related genes.
Single-nucleotide polymorphism microarray (SNP-chip) analysis is a novel strategy to examine genomic alterations such as copy-number changes and loss of heterozygosity (LOH). [12] [13] [14] Importantly, SNP-chip analysis can detect several abnormalities including copy-number-neutral loss of heterozygosity (CNN-LOH) that cannot be detected by either karyotyping or CGH. SNP-chip analysis has been used to study several types of leukemia, including chronic lymphocytic leukemia (CLL), 15, 16 childhood acute lymphoblastic leukemia (ALL) 17, 18 and acute myeloid leukemia (AML). [19] [20] [21] [22] [23] [24] In our study, we identified chromosomal abnormalities and novel disease-related genomic regions using 250K SNP-chip analysis in matched tissue sample sets that contained normal esophagus (NE), EAC and/or BE. The use of the CNAG (copy-number analysis for Affymetrix GeneChips) program and the new AsC-NAR (allele-specific copy-number analysis using anonymous references) algorithm 12, 14 provided a highly sensitive technique to detect CNN-LOH as well as copy-number changes in premalignant and malignant esophageal tissue samples.
Material and methods
Patient samples, isolation of genomic DNA and RNA and cell culture Samples of BE and EAC tissues were obtained by endoscopic biopsy. Clinical features of esophageal samples examined in this study are summarized in Table I . Normal esophageal mucosal (NE) samples were always obtained from the same individual for BE and EAC samples. Tissue samples were snap-frozen in liquid Note: Determined by endoscopic ultrasound and CT scans.
nitrogen. All NE samples were obtained at a minimum of 7 cm proximal to the squamocolumnar junction (the proximal border between BE and NE). All biopsies were examined histopathologically by hematoxylin and eosin staining; and the stromal component averaged 50% and 30% in the BE and EAC samples, respectively. Genomic DNA and total RNA were isolated from tissues using a DNeasy Tissue Kit (Qiagen, Valencia, CA) and Trizol reagent (Invitrogen, Carlsbad, CA), respectively. DNA was determined to be of high-MW by agarose gel electrophoresis showing >90% of DNA to be above a length of 20 kb. The EAC cell line, OE33, was maintained in RPMI 1640 medium (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (Atlanta Biological, Lawrenceville, GA).
High-density SNP-chip analysis BE or EAC and their matched normal genomic DNA (100 ng) from cases 5, 7, 9 and 6, as well as from lung cancer cell line NCI-H2171 and its paired lymphoblastoid cell line NCI-BL2171, were subjected to whole genome amplification using a REPLI-g Midi Kit according to the manufacturer's protocol (Qiagen). Genomic alterations found in the unamplified aliquots of NCI-H2171 cells were also detected in the amplified aliquots as well (Supporting Information Figure S1 ). All genomic DNA samples (375 ng) were analyzed on GeneChip Human mapping 250 K microarrays (SNPchip, Affymetrix, Santa Clara, CA), as described previously. 12, 14 Hybridization, washing and signal detection were performed on a GeneChip Fluidics Station 400 and a GeneChip scanner 3,000, according to the manufacturer's protocols (Affymetrix). Microarray data were analyzed for the determination of both total and allele-specific copy numbers (AsCNs) using the CNAG program, as previously described, 12, 14 with minor modifications. All SNPs within a given inferred LOH region were formally analyzed as ''heterozygous'' SNPs (see Ref. 14 for mathematical details). For clustering of samples according to copy-number change and CNN-LOH status, GNAGraph software was employed. Size, position and location of genes were identified using the UCSC Genome Browser (http://genome.ucsc.edu/).
Determination of SNP sequences in cases of CNN-LOH
To validate CNN-LOH, 3 independent SNP sequences (rs2296820, rs668026 and rs2890896) at chromosome 9p were queried in case 11. The genomic region of each SNP site was amplified by genomic PCR using specific primers, and PCR products were purified and sequenced. Primer sequences were as follows: 5 0 -AAA TGA CCG CAC CTC TGA AG-3 0 and 5 0 -GAG AGC GGC AAA CCA TTA GA-3 0 for rs2296820, 5 0 -TTT GCT AGT CTC ACC ACT TGC-3 0 and 5 0 -CCT TGC ACA TTA TAA ACT CTC GAT-3 0 for rs668026 and 5 0 -GGA AGG GTA GGC TTC CTG AT-3 0 and 5 0 -TCT GTG TCT TTG GTT CTT TTT CA-3 0 for rs2890896.
Quantitative genomic and mRNA real-time PCR Gene dosages of chromosome 9p22.3 in case 11; the ERBB2 gene in cases 5 and 9; the CDKN2A gene in cases 8 and 11; and the basonuclin 2 (BNC2) gene in 11, as well as mRNA expression levels of ERBB2 in case 9 and BNC2 in case 11, were determined by quantitative real-time PCR (iCycler, Bio-Rad, Hercules, CA) using Sybr Green. To determine relative gene dosages and mRNA levels, the chromosome 2p21 region and b-actin were measured as controls, respectively. The delta threshold cycle value (DCt) was calculated from the given Ct value by the formula DCt 5 (Ct sample 2 Ct control). Fold change was calculated as 2 Western blot analysis and colony assays OE33 cells were transfected with either HA-tagged BNC2 expression vector (kindly provided from Dr. Satrajit Sinha, State University of New York at Buffalo) or empty vector. Cells were harvested, lysed in 23 sample buffer (12% glycerol, 20 mM TrisHCl, 4% SDS, 100 mM DTT, 4 mM EDTA, 0.04% Coomassie Brilliant Blue R250) and heat denatured. Samples were subjected to SDS-PAGE followed by an electrotransfer to polyvinylidene difluoride membrane. The signals were developed with either Supersignal West Pico-Chemiluminescent or -Dura Extended Duration Substrate (Pierce Biotechnology, Rockford, IL). Anti-HA antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), while anti-GAPDH was obtained from Research Diagnostics (Concord, MA).
For colony formation assays, transfected cells were cultured in the presence of 250 lg/ml G418. After 2 weeks, cells were stained with Crystal Violet Dye (0.1% dissolved in 50% methanol). To quantify the number of surviving colonies, cells were dissolved in 1.0% SDS and absorbance was measured at 600 nm.
Results

Summary of SNP-chip analysis of esophageal adenocarcinoma samples
SNP chip analysis was performed on genomic DNAs from 11 matched sets (6 of NE, BE and EAC; 1 of NE and EAC; and 4 of NE and BE) containing in total 10 BE, 7 EAC and 11 matched NE samples. Because concentrations of genomic DNA in cases 5, 7, 9 and 6 were low, these samples were subjected to whole-genome PCR amplification prior to SNP-chip analysis. To confirm the reliability of DNA from whole genome amplification, we compared it to whole DNA. Both were subjected to SNP-chip analysis using the same cell line, NCI-H2171. The genomic changes found in the unamplified DNA from NCI-H2171 cells were also detected in the whole-genome amplified samples, suggesting that whole-genome amplification is a useful approach when DNA amounts are limited (Supporting Information Figure S1 ). BE samples from case 3 and from matched BE and EAC samples in cases 1, 4 and 2 revealed no detectable genomic abnormalities (data not shown). In contrast, the remaining specimens (6 BEs and 4 EACs) harbored one or more genomic abnormalities (Table II and data not shown). Thus, 6 (60%) of 10 BE and 6 (57%) of 7 EAC samples contained genomic alterations, including copy-number changes and CNN-LOH. CNN-LOH is a genomic abnormality that normally cannot be detected by CGH analysis; these regions usually also contain a mutation in a key gene.
Chromosomal abnormalities in matched BE and EAC specimens
Since BE is believed to constitute an early step in EAC development, we compared the genomic status of BE and EAC with that of NE from the same individuals (Fig. 1 ). Three cases (1, 4 and 2) contained no genomic changes in either their BE or their EAC samples. BE tissue from case 9 contained 1 amplification on the X chromosome (Xp22.13-p22.12, 3.5 Mb). Interestingly, EAC tissue from this patient exhibited 7 additional amplified regions, including 8p21.3 (0.9 Mb), 8p12 (2.5 Mb), 16p13.13 (0.8 Mb), 16p13.12 (1.2 Mb), 17q12-q21.2 (3.1 Mb), 17q21.32-q22 (4.1 Mb) and 17q23.2-q23.3 (5.0 Mb), as well as Xp22.13-p22.12 (3.5 Mb). The EAC sample from case 5 contained an amplification of 17q12-q21.2 (3.7 Mb), whereas the EAC from case 7 had 2 ampli- Other CNN-LOH and copy-number changes All other abnormalities, including CNN-LOH and copy-number changes, are displayed in Table II . Based on SNP-chip analyses, 3 cases exhibited CNN-LOH. BE samples from cases 5 and 11 had 9p CNN-LOH, while case 10 contained 4 regions of CNN-LOH, including 7q22.1-q36.3 (55.7 Mb), 17q25.3 (1.7 Mb), 18p11.32 (1.5 Mb) and 18q23 (1.9 Mb) ( Fig. 1 and Table II ). Deletions and duplications were found only in BE samples. Deleted regions involving 7p, 9p, 9q and 18q were found frequently, and duplicated regions involving 18q were often observed ( Fig. 1 and Table  II ). Of interest, 1 BE sample (case 10) manifested amplification at 12q.21.1 (0.6 Mb); this region contains only 1 known gene, the Shaw-related voltage-gated potassium channel gene known as KCNC2. Furthermore, EAC samples exhibited amplifications at 6q, 8p, 11p, 16p and 17q, but no duplications or CNN-LOH ( Fig. 1 and Table II) .
Shared abnormalities found in BE and/or EAC samples
Several chromosomal abnormalities were shared by 2 or more different patients. As shown in Table III , several chromosomal abnormalities were present in BE and EAC samples, suggesting that these loci harbored aberrant genes altered early during BE-EAC evolution. Shared abnormalities included 2 BE cases (5 and 11) with 9p CNN-LOH; 2 BE cases (10 and 11) with duplication of 8p23.3-p12; 2 BE cases (8 and 10) with deletion of 21q11.2-q21.1. Two EAC samples (5 and 9) exhibited amplification of 17q12-q21.2; this was the only region with gains in more than 1 EAC sample. Furthermore, the CDKN2A gene was deleted in 4 BE (8, 11, 7 and 10) and the FHIT gene was deleted in 2 BE (10 and 11) samples.
Validation of SNP-chip data using nucleotide sequencing quantitative real-time PCR and expression analysis
We validated CNN-LOH detected by SNP-chip using several different techniques including determining SNP sequences, as well as gene-dosage, in the CNN-LOH region. It was presumed that when LOH occurred, SNP sequences in this region should exhibit homozygosity, whereas those of matched normal samples should be heterozygous. Therefore, we examined 3 independent SNP sequences on chromosome 9p in the CNN-LOH region in case 11 (NE and BE; Fig. 2a) . In the BE sample, all 3 SNP sites (rs2296820, rs668026 and rs2890896) clearly showed only a single signal (Fig. 2b) . In contrast, these 3 SNP sites in the matched NE sample showed heterozygosity. These results strongly suggested that LOH occurred in this region.
Next, we determined gene dosage in this region to exclude the possibility of a hemizygous deletion. Gene dosage at 9p22.3 in the region of CNN-LOH in BE case 11 was compared with that in the matched NE using quantitative genomic real-time PCR (Q-PCR). Gene dosage levels were calculated as the ratio between 9p22.3 and the reference genomic DNA at 2p21, which displayed normal gene dosage by SNP-chip analysis. DNA levels at the 9p22.3 region in BE case 11 were almost identical to those in matched NE at this site, indicating that this region possessed normal copy number (Fig. 2c) . Thus, our SNP sequence and genomic Q-PCR data validated the results of SNP-chip analysis, clearly showing CNN-LOH at the 9p region. FIGURE 1 -Summary of genomic abnormalities in esophageal samples. Genomic DNAs from 6 matched sets (NE, BE and EAC), 1 matched NE-EAC pair and 4 matched NE-BE pairs (in total, 10 BE and 7 EAC samples) were subjected to SNP-chip analysis; genomic abnormalities are summarized by color: pink (copy-number-neutral LOH [CNN-LOH]); green (hemizygous deletion); blue (homozygous deletion); red (duplication/amplification). Six (60%) of 10 BE (cases 5, 7, 9, 11, 8 and 10) and 4 (57%) of 7 EAC (cases 5, 7, 9 and 6) samples possessed genomic alterations. We also validated copy-number changes. Four BE samples (8, 11, 7 and 10) showed deletion of the CDKN2A gene by SNP-chip analysis ( Fig. 2a and Table III ). Gene dosage of CDKN2A was examined by genomic Q-PCR. Levels of CDKN2A in BE samples from cases 8 and 11 were approximately 10-fold lower relative to matched NE (data not shown). EAC samples from cases 5 and 9 exhibited amplification of 17q12-q21.2 by SNP-chip analysis; and this region contains the ERBB2, CSF3, RARA and TOP2A genes. Genomic Q-PCR revealed that levels of ERBB2 in EAC samples 5 and 9 were 5-fold and 8-fold higher than in matched NE samples, respectively (Fig. 3a) . Taken together, these results validated the observations of our SNP-chip analysis.
Furthermore, we compared the copy-number change to gene expression levels. Expression of ERBB2 mRNA was examined with quantitative reverse transcriptase PCR (qRT-PCR) in case 9, which showed amplification of this gene by SNP-chip and genomic Q-PCR. Levels of ERBB2 mRNA in the BE and EAC from case 9 were 6-fold and 14-fold higher than in matched NE, respectively (Fig. 3b) . Taken together, these data suggested that copy-number changes resulted in aberrant gene expression.
Deletion of basonuclin 2 in Barrett's sample
As shown in Figure 2a , the BE sample from case 11 clearly showed deletion involving the 9p22.3-p22.2 region (1.2 MB, circled); only 1 known gene, basonuclin 2 (BNC2), is located here. BNC2, a zinc-finger protein, can bind to DNA and behave as a transcription factor. [25] [26] [27] Genomic Q-PCR revealed that the level of BNC2 in BE sample 11 was 3.5-fold lower than in matched NE (Fig. 4a) . The level of BNC2 mRNA in this BE sample was also 3.5-fold lower than in matched NE (Fig. 4b) , consistent with decreased expression of BNC2 in this BE sample due to loss of this gene.
These findings prompted us to examine forced expression of BNC2 in the EAC cell line, OE33. Clonogenic assays were used to assess the effect of BNC2 on the growth rate of OE33 cells, since these cells do not express endogenous BNC2 mRNA (data not shown). OE33 cells were transfected with either a BNC2 expression vector or an empty vector as a control. Each vector contained the neomycin resistance gene. Untransfected cells all died in 250 lg/ml G418 after 2 weeks. Therefore, cells were cultured in media containing 250 lg/ml G418 for 2 weeks and then stained to determine the number of surviving colonies. BNC2-FIGURE 2 -Representative SNP-chip analysis in Barrett's esophagus samples (a) SNP-chip data for chromosome 9 in BE samples (cases 8 and 11). Red dots are SNP sites as probes and indicate total copy number (CN). Blue line is an average of copy number and shows gene dosage. Green bars are heterozygous (hetero) SNP calls. Red and green lines show allele-specific copy number (AsCN). Both cases exhibited deletions of CDKN2A (boxed regions). Case 11 had CNN-LOH at 9p and a deletion of the basonuclin 2 gene (circled). (b) SNP sequences in the 9p CNN-LOH region for validation of CNN-LOH in case 11. Three independent SNP sites (rs2296820, rs668026 and rs2890896) were sequenced. All 3 SNP sites showed heterozygosity in matched NE samples; however, their corresponding BE samples showed homozygosity, consistent with loss of heterozygosity. (c) Determination of gene dosage in the 9p region. Gene dosage of 9p22.3 (the CNN-LOH region) in case 11 was compared between matched NE and BE genomic DNA, using quantitative genomic real-time PCR. Gene dosage levels were calculated as the ratio between 9p22.3 and the reference genomic DNA, 2p21. Results represent the mean of 3 experiments 6 SD. transfected cells formed 60% fewer colonies than did empty vector-transfected controls (Figs. 5b and 5c ). Taken together, these results suggested that BNC2 inhibits clonal proliferation of EAC cells and is a potential EAC tumor suppressor gene.
Discussion
In our study, we found that 6 (60%) of 10 BE and 4 (57%) of 7 EAC samples contained genomic alterations, including both copynumber changes and CNN-LOH. Analysis of matched NE, BE and EAC sample sets revealed several chromosomal regions potentially involved in the progression from BE to EAC. Furthermore, we identified a zinc-finger protein, BNC2, as a potential EAC tumor suppressor gene.
Our analyses identified deletions of 9p (4 cases) and 18q (2 cases) in BE samples and amplification of 17q (2 cases) in EAC samples. These findings are consistent with previous EAC results obtained by CGH analysis. [4] [5] [6] [7] [8] [9] [10] [11] We also found that the 17q12-q21.2 region was amplified in 2 EAC samples; this region includes the ERBB2, CSF3, RARA and TOP2A genes. ERBB2 is a transmembrane glycoprotein with tyrosine kinase activity, for which 10-70% of EAC samples show amplification. [28] [29] [30] [31] [32] [33] [34] An antagonist of ERBB2, Trastuzumab/Herceptin, inhibits growth of the OE19 EAC cell line, which exhibits high expression of ERBB2. 35 DNA topoisomerase II alpha (TOP2A) is associated with active cell proliferation, and its overexpression has been reported in a number of tumors, including esophageal squamous cell carcinoma. 36, 37 An inhibitor of topoisomerase II, etoposide, is used for chemotherapy of solid tumors including small-cell lung cancer. Data suggest that breast cancers with amplification of ERBB2 and TOP2A have a better response when they receive the combination of both Trastuzumab/Herceptin and a TOP2A inhibitor. 38 In reference to our observed amplification of RARA, it is notable that retinoic acid, including all-trans retinoic acid (ATRA) and 9-cis retinoic acid (9-cis RA), induces the differentiation of acute promyelocytic FIGURE 3 -Relationship between copy-number change and gene expression (a) Amplification of the ERBB2 gene: Two EAC samples (5 and 9) had amplification of the 17q12-q21.2 region, which includes the ERBB2 gene. Gene dosage of the ERBB2 gene was compared between matched NE, BE and EAC genomic DNA using genomic Q-PCR. Gene dosage levels were calculated as the ratio between the ERBB2 gene and the reference genomic region, 2p21. Results represent the mean of 3 experiments 6 SD. (b) Expression of ERBB2 mRNA in case 9 was compared between matched NE, BE and EAC samples using qRT-PCR. Expression levels were calculated as the ratio between ERBB2 and the reference gene, b-actin. Results represent the mean of 3 experiments 6 SD. FIGURE 4 -Deletion of basonuclin 2 in Barrett's esophagus. (a) Deletion of the basonuclin 2 (BNC2) gene: BE sample 11 exhibited deletion at 9p22.3-p22.2; the deleted region contained only the BNC2 gene. Gene dosage of BNC2 in the BE sample was compared to matched NE genomic DNA using genomic Q-PCR. Gene dosage levels were calculated as the ratio between the BNC2 gene and the reference genomic region, 2p21. Results represent the mean of 3 experiments 6 SD. (b) Expression of BNC2 mRNA in case 11 BE was compared to its matched NE sample using qRT-PCR. Expression levels were calculated as the ratio between BNC2 and the reference gene, b-actin. Results represent the mean of 3 experiments 6 SD. leukemia cells and neuroblastoma cells and is used in the treatment of these and other cancers.
Our SNP-chip analysis showed that the EAC from case 7 exhibited amplification of 6q22.33-q23.2 including the CTGF gene. This gene is involved in cell adhesion, migration, proliferation and angiogenesis. 39 A recent study by our group demonstrated that 75% of esophageal squamous cell carcinomas overexpressed CTGF with accumulation of b-catenin in the nucleus, 40 supporting the importance of the b-catenin signaling pathway in esophageal tumorigenesis. In case 9, the BE sample contained only 1 chromosomal amplification (Xp22.13-p22.12), whereas the EAC sample from the same patient had numerous abnormalities including X-chromosomal alteration. This finding suggests that X-chromosomal alteration was acquired as an early event; this alteration may enhance the evolution from BE to EAC.
We also identified several CNN-LOH regions that included the entire 9p arm, 7q22.1-q36.3 (55.7 Mb), 17q25.3 (1.7 Mb), 18p11.32 (1.5 Mb) and 18q23 (1.9 Mb). CNN-LOH is a genomic abnormality that cannot normally be detected by karyotypic analysis; CNN-LOH regions often contain mutated genes. For example, the constitutively active forms of either JAK2 V617F mutant, FLT3-ITD, or an AML1/RUNX1 frameshift were found in a CNN-LOH region in AML cells from our SNP-chip analysis. 24 The 7q22.1-q36.3 CNN-LOH region in BE contains the proto-oncogenes MET and BRAF. An activating mutation of MET (Y1253D) was detected in 15 (11%) of 138 patients with oropharyngeal squamous cell carcinoma. 41 An activating mutation of BRAF (V600E) was found in 66% of malignant melanomas, as well as at lower frequencies in a wide range of human cancers 42 ; in particular, 11% of Barrett's EACs have been reported to possess BRAF mutations. 43 These findings prompted us to determine the exon sequences at mutational hotspots (MET Y1253 and BRAF V600) in sample 10; however, these genes did not contain detectable mutations (data not shown). Thus, further studies are indicated to identify key dysregulated or abnormal gene(s) in these regions.
In cancer cells, tumor suppressor genes are often inactivated by deletion, mutation and/or hypermethylation of their promoter regions. The cyclin-dependent kinase inhibitor gene, CDKN2A, is homozygously or hemizygously deleted, mutationally inactivated or hypermethylated in 50, 5 and 60% of EACs, respectively, and hypermethylated or hemizygously deleted in up to 40% of BEs. [44] [45] [46] [47] [48] [49] These findings are consistent with our identification of CDKN2A deletions in 4 BE samples (40%) and emphasize that CDKN2A inactivation represents an early event in the BE-EAC carcinogenic cascade. Similarly, the FHIT gene was deleted in 2 BE samples (20%). An earlier report observed that 86% of BE and 93% of EAC samples exhibited altered FHIT expression. 50 Although aberrant FHIT expression has also been detected in normal tissues, 51 FHIT-deficient mice developed tumors in several tissues, suggesting that this gene functions as a tumor suppressor. 52, 53 The frequency of chromosomal changes in our study differed slightly from previously published CGH results; this discrepancy may have been due to high normal cell contamination of several of our samples or if several were triploidy and tetraploidy. This can be difficult to identify by SNP-chip analysis. Surprisingly, chromosomal alterations sometimes differed between BE and EAC samples. BE samples from cases 5 and 7 contained chromosomal changes in the 9p region, but these alterations disappeared in the corresponding EAC samples. One possible explanation for this conundrum is that the 9p alteration-bearing population was dominant in the BE sample; expansion of this clone altered the cellular microenvironment, thus enhancing the growth of a completely different (i.e., 9p-euploid) cellular population, which then became dominant in the EAC sample. Such clonal evolution has been previously reported in Barrett's neoplastic evolution. [54] [55] [56] [57] [58] Interestingly and to our knowledge for the first time, homozygous deletion of the BNC2 gene occurred in 1 BE sample. BNC2 is a zinc-finger protein that is highly expressed in normal keratinocytes, ovary, testis, kidney and lung. [25] [26] [27] BNC2 can bind to a sequence in the promoter region of the rRNA gene, and its protein is localized to the nucleus, suggesting that it functions as a transcriptional regulator. [25] [26] [27] Also interestingly, the esophageal adenocarcinoma cell lines OE33 and OE19 did not express this gene (data not shown), and overexpression of BNC2 inhibited clonal proliferation of OE33 cells, suggesting that this gene has potential tumor-suppressive function. Inactivation by methylation and/or deletion of several tumor suppressor genes, including CDKN2A and TP53, are known to be involved in esophageal tumorigenesis. Expression of BNC2 was low in a BE sample and the EAC cell lines. This inactivation could contribute to transformation to esophageal cancer cells. Recently, Nancarrow et al. 59 analyzed 23 EAC samples by SNP-chip. These investigators found several chromosomal lesions that were similar to our data, including homozygous deletions of CDKN2A and FHIT, loss of copy number at 17p, and CNN-LOH at 17q25.3, further emphasizing the importance of these regions or genes in the development of EAC.
In summary, we have demonstrated that BE frequently exhibits certain genomic and chromosomal alterations consistent with its precancerous state, often with early timing of these events. Transfected cells were cultured in the presence of 250 lg/ml G418 for 2 weeks and then stained with 0.1% crystal violet to determine the number of surviving colonies. (c) Quantification of the number of surviving colonies. The colonies were dissolved in 1.0% SDS and absorbance was measured at 600 nm. Results were significantly different between control and BNC2-transfected cells (p < 0.001).
Furthermore, we have identified several novel genomic abnormalities in BE or EAC, notably CNN-LOH and inactivation of the zinc-finger gene, BNC2.
